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Abstract 

Global warming and air pollution are two issues of greatest concerns to human life in recent 

years. Environmental concerns and econimal/political independency of fossil fuels have been 

the driving force of developing interest in renewable resources of energy for many countries. 

Different type of waste-derived fuels such as biomass, municipal solid waste and industrial 

waste are interesting energy resources for energy producing companies. There are mainly two 

main paths when it comes to waste-to-energy industry, which are thermal treatment of waste, 

as well as biochemical treatment. Thermal treatment of waste to produce energy could benefit 

both for hygienic consideration of waste management and avoiding waste landfill.  

Heat and power generation through combustion of waste or biomass has several environmental, 

and economical advantageous over utilization of fossil fuels. Thermal conversion of waste and 

biomass fuels, however, has some challenges mainly due to their chemical composition and 

high alkali metals (potassium and sodium) content. Combustion of these fuels usually can result 

in some operational challenges such as deposition, fouling, bed agglomeration and corrosion in 

different part of the boiler. The less reactive and non-combustible part of the fuel known as ash-

forming matter has a major role in these operational challenges. Ash related problems in waste-

to-energy boilers lead to lower efficiency, high maintenance costs and equipment failure. 

Therefore, investigating the chemical composition of fuel and ash-forming matter is essential 

prior to thermal conversion of waste-derived fuels. High-temperature corrosion due to 

formation of corrosive alkali chloride compounds during combustion is one of the main ash-

related concerns in boilers. 

This study investigated high-temperature corrosion in circulating fluidized-bed (CFB) 

combustion of solid waste. Flue gas composition of solid waste combustion in the CFB boiler 

was analysed in two cases: combustion of the reference fuel, and combustion of the “same” fuel 

with a sulphur containing additive (ammonium sulphate), to decrease the corrosive alkali 

chlorides in the flue gas. Chemical fractionation was carried out for fuel samples to determine 

the reactive and less-reactive fraction of ash-forming matter. A thermodynamic equilibrium 

model was developed using Factsage thermochemical software, to predict the chemical 

composition of the flue-gas with a special focus on corrosive alkali chlorides. The modelling 

results were evaluated using In-situ Alkali Chloride Monitoring (IACM) results obtained during 

the full-scale combustion measurements. 

Keywords: Waste to Energy, Fluidized Bed Boiler, Combustion, Corrosion, Factsage, 

Chemical Fractionation, Waste-derived Fuel 
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Nomenclature 

AES Atomic Emission Spectroscopy 

Al2O3 Aluminium oxide 

BFBC Bubbling Fluidized-Bed Combustor 

CaHO13P3 Calcium phosphate tribasic 

Ca3MgSi2O8 Calcium magnesium orthosilicate 

CaO Calcium oxide 

CaSO4 Calcium sulfate 

CaSiO4 Calcium silicate 

CFBC Circulating Fluidized-Bed Combustor 

CHP Combined Heat and Power 

CO2 Carbon dioxide 

CrCl2 Chromium(II) chloride 

EU European Union 

EfW Energy from Waste 

FB Fluidized-Bed 

FeCl2 Iron(II) chloride 

FeO  Iron (II)  Oxide  

Fe2O3 Iron (III) Oxide 

FTIR Fourier Transform Infrared Spectroscopy 

HCl Hydrogen chloride 

IACM In-situ alkali chloride montering 

ICP-AES Inductively coupled plasma atomic emission spectroscopy 

ICP-SFMS Inductively coupled plasma sector field mass spectroscopy 

KCl Potassium Chloride 

(KCl)2 dipotassium dichloride 

http://www.american-chemicals.com/productshow/689755.html
https://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
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K2O Potassium oxide 

MP-AES Microwave Plasma-Atomic Emission Spectrometry 

MgO Magnesium oxide 

MSW Municipal Solid Waste 

NaCl Sodium chloride 

(NaCl)2 Disodium dichloride 

NH3 Ammonia 

NH4Ac Ammonium acetate 

(NH4)2SO4 Ammonium sulfate 

NiCl2 Nickel(II) chloride 

Na2O Sodium oxide 

NOx Generic term for the nitrogen oxides 

PbCl Lead chloride 

PbCl2 Lead (II) chloride 

ppm parts per million 

P2O5 Phosphorus pentoxide 

PVC Polyvinyl Chloride 

SO2 Sulfur dioxide 

SO3 Sulfur trioxide 

SOx Generic term for the sulfur oxides 

SiO2 Silicon dioxide 

WtE Waste-to-Energy 

ZnO Zinc oxide 

ZnO2 Zinc peroxide 

ZnCl2 Zinc chloride 
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1. Introduction 

1.1 Environment and Energy 

Global warming and air pollution has been two of the most important concerns to human health 

and political stability (independence of importing fossil fuels such as oil) of countries in recent 

years. Global warming increases heat stress, ocean acidity, severe tropical storms, rising sea 

levels, increasing melting rate of glaciers and melting snow packs. The primarily air pollutants 

which lead to global warming are carbon dioxide, fossil-fuel plus biofuel soot particles, 

methane gas, halocarbons, tropospheric ozone, and nitrous oxide gas (Jacobson, 2009). 

Utilization of fossil fuels in power generating sectors, transportation and industries have 

generated the highest level of CO2 emission into environment during the last century (Pacesila, 

Burcea and Colesca, 2016). CO2 is the main contributor to the global warming; therefore it is 

essential to focus on alternative sources for fossil fuels. Additionally, increasing price of fossil 

fuels which is also a major threat to economic and political stability of any country is another 

reason to seek new sources of energy (Jacobson, 2009). 

Renewable energy resources (Figure 1-1) are in two groups: the first group are solar energy, 

biomass and waste, wind power and hydropower, which are derived from sun (directly and 

indirectly) and are continually replaced by the nature. The second group are originated from 

other natural movement and mechanism of the environment, like the geothermal energy 

(Ellabban, Abu-Rub and Blaabjerg, 2014). As it is illustrated in Figure 1-1 , the renewable 

energy resources have the potential of providing more than 3000 times of the current global 

energy demand (Ellabban, Abu-Rub and Blaabjerg, 2014). Renewable resources are supplying 

almost 17% of the total world energy demand and it is estimated that by 2040 this share will be 

50% (Kralova and Sjöblom, 2010). 

 

Figure 1-1 Renewable energy resources of the world has the potential of providing 3078 times the current global energy 

demand, X= total global energy demand (Ellabban, Abu-Rub and Blaabjerg, 2014)  



2 

1.2 Waste Management   

Human activities results in waste generation and with extension of consumer society the waste 

management has been extremely important in the modern life (Metz et al., 2007). Poor 

management of waste cause soil, water and atmosphere contamination and has a major impact 

on public health. Therefore, waste management has become an organized, specialized and 

complex activity during the recent years (Giusti, 2009).  

Hygienic considerations and reducing the volume of waste going to landfill were the initial 

aims of developing a waste management system. However, the goal of waste management has 

been changed over decades but the main objective, which was protection of human and 

environment beside conservation of resources, is still preserved (Brunner and Rechberger, 

2015). The new objectives also have been added to the list of the goals, therefore the aims of 

waste management in society nowadays are: 

 Hygienization 

 Reducing the volume 

 Protecting the environment 

 Mineralization and prevention of hazardous substances go through life cycle of human 

 Conservation of resources 

 Affordable costs and public acceptance (Brunner and Rechberger, 2015). 

In different countries, treatment of waste can vary in a wide range from complete landfill to 

almost complete utilization (Leckner, 2015). In every waste management policy the main goal 

should be reducing the resource usage, and then reuse and recycle as much as possible and 

utilize the energy content of the waste, and at the end landfill minimum amount of the waste. 

The policy should favour the practical application of the waste hierarchy. Figure 1-2 shows the 

waste management hierarchy in European countries.  

Directive 2006/12/EC of the European Parliament and of the Council on waste has the 

establishment of the legislative framework for the handling of waste in the community. It 

defines the key concept of waste recovery and disposal of waste and also major principle of 

waste management such as obligation to handle waste in a way that does not give harm to 

human society and environment. Moreover, it encourages applying the waste management 

hierarchy with the main target of the prevention and reduction of waste. In Directive 

2008/98/EC the target of prevention and reducing the waste generation has been more clarified 

and in The Directive 2009/28/EC on renewable energy set the goal for EU to reach a 20% share 

of energy from renewable sources by 2020 and a 10% share of renewable energy specifically 

in the transport sector. 
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Figure 1-2 Waste management hierarchy 

1.3 Waste as a Fuel 

European strategy for waste management based on waste hierarchy imposes energy recovery 

for those wastes where material recovery is not effectively applicable. The waste can be treated 

in two different routes in order to produce energy; thermochemical route and biochemical route 

(Leckner, 2015), where the purpose is conversion of waste to useful products such as electricity, 

fuels and heat. Thermal destruction due to the fact that it can satisfy many factors of waste 

management, can be a sustainable way to treat the waste (Brunner and Rechberger, 2015). It 

includes a thermochemical process which takes place at relatively high temperature. Thermal 

treatment of waste lead to changes in the chemical structure of processed material in order to 

use the energy content of it (Lombardi, Carnevale and Corti, 2015). 

Combustion of waste and recovery of the energy in the form of electricity and/or heat is carried 

out in Waste to energy boilers. Cogeneration or combined heat and power (CHP) generation is 

an efficient way to recover the energy in waste, particularly in cold countries like Scandinavian 

countries. In a CHP plant, waste combustion takes place in boiler’s furnace, producing high 

temperature and pressure steam. Thereafter, the high pressure steam will generate power in a 

steam turbine, and the low pressure steam is used for district heating (Lombardi, Carnevale and 

Corti, 2015). 

Despite the benefits of waste combustion in CHP plants, there are some technical challenges 

due to the chemical composition of the waste. Deposit formation, fouling, bed agglomeration 

and high temperature corrosion in boilers are the problems associated with inorganic fraction 

of waste (ash). These problems will decrease the efficiency of a CHP plant and lead to high 

maintenance costs. Several solutions has been suggested to prevent and decrease these 

problems, such as improvement in boiler design, using fuel mix or additives, using advanced 

alloys or coating, etc.  

1.4 Objective of the Thesis 

The aim of this study was to model the combustion of solid waste in a fluidized bed boiler to 

investigate the composition and “corrosivity” of the flue gas. The fuel samples have been taken 

from 85 MW circulating fluidized bed boiler (P15) in E.ON Värme Sveige, Händelö, 

Norrköping. The typical composition of the solid waste for this boiler is a mixture of 50% 

household waste and 50% industrial waste. The main objective was to develop a 

Reduce

Reuse

Recycle

Energy Recovery

Disposal 
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thermodynamic equilibrium model to predict the chemical composition and corrosivity, by 

means of alkali chloride concentration, of the hot flue gas leaving the furnace. 

The experimental procedure involves the chemical fractionation of the fuel to investigate the 

reactive fraction of ash-forming matter which participate in chemical reactions during 

combustion and contribute to the chemical composition of the flue gas. The developed model 

is based on elemental chemical analysis, chemical fractionation analysis data, real process data 

such as temperature and pressure of the boiler, as well as thermodynamic equilibrium 

calculations using FactSage thermochemical software and databases. Flue gas composition was 

monitored in the plant by FTIR (Fourier Transform Infrared Spectroscopy) and IACM (In-situ 

alkali chloride monitor). In order to validate the model, the modelling results should be in 

agreement with the data collected by IACM in the plant. 

2. Background 

2.1 Thermochemical Treatment of Solid Waste 

Among all types of waste, municipal solid waste (MSW) is one of the sustainable sources that 

can provide energy in different ways to society. Generally there are four different chemical 

processes that produce energy from MSW: combustion, pyrolysis, gasification and biological 

treatment (Murphy and McKeogh, 2004). The first three processes are different types of thermal 

treatment of waste, which are promising ways of waste treatment, considering the fact that they 

significantly decrease the mass (70-80%) and volume (80-90%) of waste, as well as allowing 

preserving the landfill spaces and eliminating the sanitary problems of waste (Lombardi, 

Carnevale and Corti, 2015). 

Gasification is the chemical process of partial oxidation of fuel in presence of lower amount of 

oxidant (CO2, H2O, O2 and air) needed for combustion. In gasification the solid fuel (MSW) is 

aimed to convert to a gaseous fuel which is called syngas or producer gas which is going to be 

used directly as fuel or to produce chemicals (Lombardi, Carnevale and Corti, 2015). Pyrolysis 

is the process of converting any type of organic matter to liquid, solid or gaseous fuels, which 

is carried out in high temperatures and in the absence of oxygen (Mohan, Pittman and Steele, 

2006). Biological treatment of waste is mainly carried out in two different paths: anaerobic 

process which leads to produce biogas and aerobic process which leads to produce compost 

(Weiland, 2010).  

Thermal treatment of waste (mainly combustion) associated with energy conversion in the form 

of heat and power, which is addressed as waste to energy (WtE) or energy from waste (EfW). 

The technology which is used by most combustors is in three main categories; mobile/fixed 

grate, fluidized bed, and rotary kiln (Lombardi, Carnevale and Corti, 2015). The grate-firing 

boilers are the most largely used technology in waste combustion (Castaldi and Themelis, 

2010). Rotary kiln combustors are able to process any type of waste and stand the higher 

temperatures due to presence of refractory in inner part. Hence, they are more suitable for those 

wastes that need higher temperature to burn and have higher possibility of corrosion of the 

equipment. The fluidized bed combustors work on the basis that an upward airstream keeps the 

fuel particles suspended in a combustion bed. In recent years, this type of combustors have been 

largely used in waste combustion plants (Lombardi, Carnevale and Corti, 2015). 
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2.2 Fluidized bed combustors 

In fluidized bed combustors fuel particles are introduced to a bed, consisting of sand particles 

about 0.5 mm in size, which is fluidized by airstream. The primary airstream flows through air 

nozzles which are designed at the bottom of the furnace. The air stream creates high turbulence 

in the hot bed, leading to high thermal inertia and burning particle in a thermal stable and 

controlled environment. Secondary and tertiary airstream are injected to combustor from a 

location above the bed in order to enhance staged combustion and achieve better combustion 

rate (Leckner, 2015; Lombardi, Carnevale and Corti, 2015). 

The most important advantages of fluidized bed combustors compared to other type are; fuel 

flexibility, ability of showing almost the same temperature distribution in different part of the 

furnace, significant heat transfer, reduced NOx and SOx emission due to the lower combustion 

temperature (Tillman, 2000; Miller and Miller, 2008; Leckner, 2015). On the other hand, fuel 

preparation is one of the main disadvantages of the fluidized bed combustors, where the solid 

waste, especially MSW, needs preparation and specific particle size (Lombardi, Carnevale and 

Corti, 2015).  

There are two main types of fluidized bed combustors: circulating fluidized bed combustors 

(CFBC) and bubbling fluidized bed combustors (BFBC), which are illustrated in Figure 2-1 

(Khan et al., 2009; Hupa, 2012; Lindberg et al., 2013). There are some differences between 

these two types of combustors, for instance the fluidization velocity and as result higher 

temperature in CFCB and the particle size which should be smaller in CFBC compared to 

BFBC. The main difference in design of the CFBC is the different cyclone size and equipment 

comparing with BFBC. For a larger unit size and also for coal combustion, a CFBC is preferable 

(Hupa, 2012). The BFBC are often preferred in small-scale applications, with fuels having low 

heat value or high moisture content therefore this technology has become increasingly popular 

for biomass and waste combustion (Koornneef, Junginger and Faaij, 2007; Hupa, 2012) 

 

Figure 2-1 a) Circulating fluidized bed boiler (CFBB), b) Bubbling fluidized bed boiler (BFBB) adopted form (Hupa, 

2012) 
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2.2.1 Circulating Fluidized Bed Combustor (CFBC) 

In CFB combustors the fluidizing gas velocity is significantly higher than the BFBC and due to 

the intensive circulating in the combustor the rate of heat transfer is very high and the 

temperature is very uniform. Higher temperatures in the CFB, which is the result of higher heat 

transfer, leads to increase in sulphur reduction rate therefore SOx emission is higher compared 

to BFB (Nowak and Mirek, 2013). The increased gas velocity also leads to that the gas stream 

carries considerable fraction of bed material out of the reactor. As result there is need to capture 

these particles and recirculate them to the bed in order to maintain the bed material in 

combustion. For this purpose a return leg with a relatively large size cyclone has been designed 

to capture the bed material in CFBC (Pettersson, Niklasson and Richards, 2015). 

CFBC technology has numerous advantageous over BFBC including (Miller and Miller, 2008; 

Lombardi, Carnevale and Corti, 2015):   

 Ability of designing and building larger units with higher capacity 

 Improved combustion rate and sulphur retention due to the due to the use of finer 

particles, turbulent gas-particle flow, and a high recycle rate 

 Smaller bed area by reason of high fluidizing velocities 

 Reduced number of fuel feed points  

 Lower erosion and corrosion of heat exchanger tubes  

 Improved convective heat transfer coefficients 

 Acceptable turndown ratio1 

While CFBC has many advantageous over BFBC, there are also some drawbacks with this 

technology (Miller and Miller, 2008): 

 Increased height of the CFBC boiler  

 Additional height and size of ash cooler in fluidized bed 

 Larger pressure drop in the CFBC boiler  

 Need for high rate of bed material recovery for solids recycle in cyclone 

 Increased erosion rate in the combustor and cyclone due to the high gas velocities 

2.3 Ash Related Problems in Boilers 

One of the major concerns in thermal treatment of waste-derived fuels is ash-related problems. 

The use of an extensive variety of waste-derived fuels and fuel mixtures in recent years has 

increased the need of understanding ash behaviour in combustion to prevent the problems in 

power-producing installation (Zevenhoven et al., 2012). The condition during the combustion 

of waste depends on many factors such as chemical composition and physical properties of 

waste, moisture content, heating value, oxygen content, bulk density, etc. (Demirbas, 2004).  

Low-grade fuels, such as various types of biomass and waste-derived fuels which are interesting 

feed stocks for fluidized bed combustion (FBC) may increase the risk of ash-related problems 

in FB boilers  (Hupa, 2012). These fuels contain high concentrations of ash-forming elements 

which may lead to severe problem in boilers such as fouling, slagging, bed agglomeration, and 

high-temperature corrosion (Pettersson, Niklasson and Moradian, 2013). The most significant 

                                                 
1 Boiler turndown ratio is the ratio of maximum heat output to the minimum level of heat output at which the 

boiler operation is efficient or controlled.  
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ash-forming elements in solid waste are Si, Ca, Mg, K, Na, P, S, Cl, Al, Fe, Zn and Pb, which 

normally form the major composition of the combustion ashes (Boström and Broström, 2010). 

As mentioned earlier bed agglomeration, fouling and corrosion are the severe problems in 

boilers caused by ash. Bed agglomeration is defined as the phenomenon that the sand particles 

in the fluidized bed can be glued together by a molten phase and form a larger size cluster 

compared to original particle size. In chemical point of view, chemical reactions take place on 

sand-bed particles in fluidized bed boilers which may lead to production of low melting 

eutectics and bed agglomeration (Pettersson, Niklasson and Moradian, 2013). Fouling is 

defined as the deposition of ash on the surfaces of heat exchanger tubes in the superheater 

section of the boilers (Zevenhoven, Yrjas and Hupa, 2010). The fly ash usually form deposit on 

the surface of superheater’s tubes and economizer. The quality and amount of the formed 

deposit depends on the fly ash chemical composition and properties such as melting point 

(Hupa, 2012). Condensation of the vaporized alkali chlorides in the flue gas is also an important 

phenomenon contributing to fouling in boilers (Lind et al., 2000). Corrosion is the state of 

degradation of the material, and corrosion in the waste-to-energy boilers mostly is caused by 

high temperature and deposition (fouling) of the compounds which consist of chlorine and 

sulphur (Zevenhoven, Yrjas and Hupa, 2010). These compounds cause degradation of the 

superheater material due to the oxidation of metal. Accordingly, corrosion in boilers is defined 

as unwanted oxidation of heat exchanger metal surfaces by interaction of chlorine-containing 

fly ash and/or gaseous compounds (Skrifvars et al., 2010; Zevenhoven, Yrjas and Hupa, 2010) 

To predict ash formation during the combustion, it is essential to understand fundamental of the 

initial release of the ash-forming matter during the combustion of the fuel particles (Hupa, 

2012). The three stages of burning fuel particles are drying, devolatilization and char oxidation. 

Drying happens when the fuel particles reach approximately 100 ᴼC. During this stage only a 

trace amount of ash forming matter is expected to release. In the devolatilization stage, for most 

biomass or waste-derived fuels approximately 70-90% of the combustible, as well as some 

volatile ash forming matter release as vapours. Finally in the char burning stage, particles can 

reach the temperature up to 850-1000ᴼC and the reactive (volatilized) ash-forming matter form 

gaseous compounds such as chlorides or hydroxides (Hupa, 2012) 

The ash forming matter of the solid fuels can be divided to four groups; organically bounded 

matter, dissolved salt, included and excluded mineral matter,  as is illustrated in Figure 2-2 

(Zevenhoven et al., 2012). The first group (organically bounded matter) refers to metal cations 

bound to anionic organic groups, mostly K+, Na+, Mn2+, Ca2+, Mg2+, Fe2+, and Al3+ . The 

dissolved salts are mostly alkali chlorides, sulphates, carbonates, and phosphates. Included 

minerals refer to the embedded minerals to carbonaceous material; the most common example 

is silica (SiO2). Excluded minerals are different type of ash forming matter such as soil and clay 

minerals that often contaminate the waste (Pettersson, Åmand and Steenari, 2009; Hupa, 2012; 

Zevenhoven et al., 2012). 
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Figure 2-2 Chemical  association of ash-forming matter in solid fuels, adopted from (Hupa, 2012) 

2.4 Corrosion in Boilers  

Ash deposition on the heat exchanger tubes reduces the heat transfer in boilers and may cause 

corrosion of heat exchanger tubes (Demirbas, 2004; Aho, Envall and Kauppinen, 2013). 

Deposit formation in waste-to-energy boilers has been investigated by many researchers to 

understand the corrosion mechanism and it was shown that the dominant part of the deposition 

which leads to corrosion is KCl and NaCl (Viklund et al., 2013; Schumacher et al., 2015). 

There is also another type of corrosion in boilers which is associated with sulphur, molten 

sulphate corrosion, mostly found in coal combustion (Nielsen et al., 2000). 

Fuel composition is a significant factor in deposit formation and corrosion in the utility boilers  

(Khan et al., 2009). Comparing the chemical composition of fossil fuels and waste-derived fuel 

has shown that the concentration of chlorine in solid waste is significantly higher that the fossil 

fuels. The formation of gaseous form of chlorine, solid and liquid chlorine-containing 

compound has been proved to accelerate corrosion in boilers although the mechanism is not 

completely known (Aho et al., 2008; Viklund et al., 2013). A well explained theory is so called 

active-oxidation mechanism which suggests that the gaseous chlorine in flue gas and vaporized 

chlorine-content compound which is formed by deposition on the surface lead to corrosion 

(Nielsen et al., 2000; Skrifvars et al., 2010; Viklund et al., 2013). When chlorine reaches the 

metal surface it react with metal (Fe, Ni and Cr) and the Gibbs energy of this reaction is strongly 

negative as illustrated in Table 2-1 (Uusitalo, Vuoristo and Mäntylä, 2004). Moreover the 

partial pressure of metal chloride is significant at boiler temperature which leads to continuous 

evaporation of metal chloride form the surface; this will expose the fresh metal to corrosive 

atmosphere continuously (Uusitalo, Vuoristo and Mäntylä, 2004). The thickness, porosity and 

morphology of the deposit on the surface have been proven to influence the corrosion rate 

(Kawahara, 1997; Kawahara and Kira, 1997). 

Table 2-1 Formation reactions, Gibbs free energy changes and partial pressure for metal chlorides at 550 ᴼ C 

(Uusitalo, Vuoristo and Mäntylä, 2004) 

Reaction ΔG at 550ᴼC (KJ) 
Partial pressure of MCl2 at 550ᴼC 

(bar) 

Fe+Cl2=FeCl2 -238 2.1 × 10-4 

Cr+Cl2=CrCl2 -292 2.0 × 10-7 

Ni+Cl2=NiCl2 -181 1.3 × 10-5 
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Figure 2-3 Principal pathways for deposit formation during combustion of MSW (Chen et al., 2015a) 

When the flue gas comes into contact with cooler surface (i.e. superheater tubes), then the 

gaseous chlorides condense and form either liquid or solid deposit on the surfaces. The main 

pathways for deposition formation during MSW combustion are shown in Figure 2-3 (Chen et 

al., 2015b). This deposit usually contain sulphate and alkali chlorides which start to react with 

gaseous SO2 or SO3 and form alkali sulphate on the surface. This layer of deposit on surface  

then will lead to acceleration of corrosion with the mechanism shown in Figure 2-4 (Lee, 

Themelis and Castaldi, 2007). 

 

 

Figure 2-4 Schematic drawing of corrosion caused by Cl and S (Krause, 1986). 
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Chlorine-based corrosion can be affected by different factors such as flu gas temperature, metal 

surface temperature, chlorine concentration, sulphur, alkali metals and oxygen (Lee, Themelis 

and Castaldi, 2007). The mechanism of Cl-species corrosion can be divided to three categories 

(Nielsen et al., 2000): 

I. Corrosion associated with gaseous Cl-species: The gas phase corrosion of Cl-species 

involves the accelerated corrosion due to presence of HCl, Cl2 and NaCl vapour in flue 

gas. 

II. Solid phase reactions involving Cl-species in deposits: Solid phase reaction happens in 

deposits containing chlorides. The most common compounds in deposits are Na, Zn, K 

and Pb chlorides. There are basically two ways proposed in the literature for this type 

of corrosion; first suggests that high partial pressure of the chlorine species in deposit 

close to metal surface causes the corrosion mechanism similar to gas phase corrosion. 

The second mechanism is based on the formation of low melting eutectics which may 

flux the oxide layer on the metal surface. 

III. Reactions involving molten Cl-species: The molten phase Cl-species such as KCl 

accelerates corrosion on the metal surfaces in boiler for two reasons. Firstly the chemical 

reactions are basically faster in liquid phase than solid-solid phase and secondly a liquid 

phase provides electrolyte or route to ion charge transfer for electrochemical reactions.  

All of these mechanisms mentioned may occur in combustion. The dominant corrosion 

mechanism depends on combustion environment, combustion temperature, metal temperature 

and presence of other elements such as alkali metals, sulphur, silicon and aluminium (Nielsen 

et al., 2000) 

The corrosion rate in boilers can be decreased by keeping the steam temperature low, but this 

leads to lower efficiency of the system (Karlsson, Amand and Liske, 2015). Keeping the steam 

temperature as low as possible, adding additive to the fuel, usage of fuel-blend (co-combustion), 

coating the tubes with corrosion resistant material and choosing better grade of alloys are the 

solutions to reduce corrosion rate in the boilers (Uusitalo, Vuoristo and Mäntylä, 2004; 

Skrifvars et al., 2010; Viklund et al., 2013; Karlsson, Amand and Liske, 2015) .  

One of the common ways to decrease the rate of corrosion, especially alkali chloride corrosion, 

is utilization of additive in combustion and co-combustion. The mechanism of reducing the 

corrosion rate by utilization of additive is capturing the chlorine and forming chemical 

compounds which are not corrosive. For instance kaolin (hydrous 40:60 wt% Al2O3
∗ SiO2) has 

been reported to significantly decrease the tendency of Cl to bind with alkali metal (Aho, 2001). 

Another example is ammonium sulphate which reduces alkali chloride compounds sharply in 

deposition on superheater surfaces. In presence of ammoniums sulphate K tend to appear as 

K2SO4 rather than KCl (Kassman et al., 2011, 2013). Vattenfall AB has developed a patent on 

adding ammonium sulphate to boiler and measure concentration of alkali chlorides in the flue 

gas simultaneously. The technique has been patented with the title of ChlorOut, and it has been 

tested in different researches and showed acceptable results (Broström, 2010). 

A different mechanism of decreasing corrosion by additive is the reaction of additive with alkali 

metal and forming compounds with higher melting point. This lead to condensation of these 

compounds in the furnace not in the superheater region which is relatively more preferable. 
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Additives also may form less sticky deposition thereby soot-blowing1 will be more effective 

(Tobiasen et al., 2007).  

Beside all mentioned measures taken to decrease the corrosion in boilers and prevent high cost 

of maintenance in system, it is essential to understand the fuel behaviour in combustion. 

Chemical analysis of the fuel and computer simulation of combustion products will provide a 

better understanding of the corrosivity of the flue gas and corrosion rate in different parts of a 

boiler (Lindberg et al., 2013).  

2.5 Chemical Fractionation 

To achieve a better understanding of the fuel behaviour in combustion environment, it is 

necessary to understand the chemical composition of the fuel. There are different types of 

standard chemical analysis that can be carried out for a given fuel, as is illustrated in Figure 

2-5. Proximate analysis determines the amount of moisture, mineral residue (ash), volatile 

matter and fixed carbon. Ultimate analysis provides information regarding the main elemental 

composition of the fuel, amount of carbon, hydrogen, nitrogen and sulphur, which is usually 

reported as dry ash-free basis (Zevenhoven, Yrjas and Hupa, 2010). 

 

 

Figure 2-5 Principles of standard fuel analysis (Zevenhoven, Yrjas and Hupa, 2010). 

Besides the standard analysis methods, information concerning the chemical forms of ash 

forming matter may also be very useful in predicting the ash behaviour during combustion. 

Chemical fractionation of solid fuels (Figure 2-6) is an advanced analytical technique that 

provides valuable information about the chemical forms and association of ash-forming matter 

based on their solubility in H2O (aq), NH4Ac (1M) and HCl (1M), respectfully. Water soluble 

salts including alkali sulphates, carbonates and chlorides are leached out in the first step. In the 

second step, ion exchangeable elements which are believed to be organically associated like 

Na, K, Ca and Mg are extracted. In the third step, acid soluble compounds such as carbonates 

and sulphates of alkaline earth metals are leached out. The remained part is a solid residue 

                                                 
1 removal of soot deposits from the surfaces of boiler by a blast of air or steam 
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consisting of silicates, oxides, sulphides and other minerals (Pettersson et al., 2008). This 

method was initially used for coal, and was recently modified for analysing of biofuels 

(Zevenhoven-Onderwater et al., 2001). 

 

 

Figure 2-6 Chemical Fractionation procedure of solid fuels (Miller and Miller, 2007) 

The compounds which are extracted in the first two steps of chemical fractionation (water and 

acetate leaching) are believed to be reactive and highly volatile in combustion environment and 

their concentrations is a concern in terms of flue gas composition and the fly ash (Zevenhoven-

Onderwater et al., 2006). They have higher tendency to react and can easily volatile at furnace 

temperature and also can condense on heat transfer surfaces leading to deposit formation and 

corrosion (Teixeira et al., 2012). The compounds which are not extracted in these two steps of 

leaching are considered to be less reactive at furnace temperature and their concentrations will 

not significantly affect the chemistry of the flue gas in a boiler. Although, there are some 

exceptions such as PVC in solid waste, which remains as a solid residue in chemical 

fractionation but it is highly reactive during the combustion (Pettersson et al., 2008). In general, 

chemical fractionation is used as a tool to distinguish the reactive fraction of ash-forming 

elements in combustion of solid fuels (Pettersson, Åmand and Steenari, 2009). 

2.6 Thermodynamic Equilibrium Modelling  

It is common to use thermodynamic equilibrium modelling to simulate the combustion 

condition of a complex system. Thermodynamic equilibrium calculation software are based on 

minimization of Gibbs free energy. These models use the experimental data obtained by 

chemical analysis as input and combines them with thermodynamic databases.  There are 

several types of the software which works on the basis of thermodynamic databases as shown 

in  Table 2-2 (Lindberg et al., 2013). 
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Table 2-2 Thermodynamic software available for modelling the ash chemistry (Lindberg et al., 2013). 

Thermodynamic 

software 

Own 

database 

Complex 

solution 
Special features 

ChemApp No Yes 
User-defined programming library for custom-

made applications 

ChemSheet No Yes 
Spreadsheet application for customized process 

modelling 

FactSage Yes Yes 
Contains extensive databases for molten salts 

and slags 

HSC Yes No 
Contains extensive thermodynamic databases 

for stoichiometric compounds 

MTDATA Yes Yes 
Contains extensive databases for molten salts 

and slags 

Thermo-Calc 

and DICTRA 
Yes Yes 

Contains extensive databases for metallurgical 

applications and can be used for Simulating 

diffusion-controlled phase transformations 

 

FactSage, thermochemical software and database, is one of the most commonly used tools for 

thermodynamic equilibrium calculations of multicomponent, multiphase systems (Lindberg et 

al., 2013). Thermodynamic equilibrium calculations coupled with the data obtained from 

advanced chemical analytical technique such as chemical fractionation is useful to model the 

combustion process in a boiler and estimate the composition of the flue gas leaving furnace. In 

this method, chemical composition of the fuel and the real operation condition such as 

temperature, pressure and air/fuel ratio are used as the input data for the model (Moradian, 

Pettersson and Richards, 2015). 

Despite the capabilities of the thermodynamic equilibrium modelling for thermochemical 

processes, there are some limitations attributed to the technique. First, there could be lack of 

consistent and accurate thermodynamic data in the databases for some species that may be 

formed under the specific circumstances. Second, thermodynamic equilibrium models assumes 

that all reactions reach equilibrium state, although the equilibrium state for reactions also 

depends on kinetic of the reactions, degree of mixing of the reactants and the residence time of 

the particles. Furthermore, the software only considers the chemical reactions not the physical 

process such as nucleation and particles elutriation, which are important phenomena in a 

fluidized bed boiler  (Teixeira et al., 2012). Despite the limitations, the thermodynamic 

equilibrium calculations have shown to be reliable for modelling of high temperature processes, 

particularly by applying a suitable modelling approach and using techniques to minimize the 

limitations such as chemical fractionation analysis of the fuel. 
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3. Material and Method 

3.1 The CFB Waste-to-Energy Boiler 

CHP plant in Händelö, Nörkoping consists of five boilers which two of them (P14 and P15) are 

CFB waste-to-energy boilers. P15 is an 85 MWth waste boiler which produces 66 bar pressure 

and 450ᴼC temperature superheated steam. The fuel (25-30 ton/h) consists of household and 

industrial waste. Figure 3-1 illustrates the schematic view of the CFB boiler. In comparison 

with traditional waste fired CFB boilers, P15 is designed with a horizontal superheater in which 

it is expected a less corrosion rate of the super-heater tubes (Liske, 2015). 

 

Figure 3-1 P15 circulating fluidized bed boiler in Händelö CHP plant (E.ON, Nörkoping properties) 

Full scale combustion measurements were carried out in the plant and the performance has been 

monitored by sampling the fuel and on-line flue gas measurements. IACM probe measured the 

concentration of NaCl, KCl and SO2 and FTIR measured the HCl and SO2 concentrations in 

the flue gas during the combustion. The position of the probes is illustrated in Figure 3-1, where 

the flue gas temperature is approximately 750 °C. The temperature profile in the boiler was 

recorded during the full-scale combustion measurements. The average combustion temperature 

in the furnace was 860ᴼC. The amount of air supply for the combustion was also calculated 

based on the data recorded in the plant. 

 

In this work, two different fuel samples (Sample A and B) of the CFB boiler were chemically 

analysed (standard method and chemical fractionation), and consequently were used for 

Factsage modelling of the flue gas. Sample A and B are solid waste composed of approximately 
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50% household waste + 50% industrial waste. There were two combustion scenarios to compare 

the flue gas composition and investigate its corrosion tendency in the CFB boiler: combustion 

of the solid waste (reference case) and combustion of the solid waste with additive (ammonium 

sulphate) which was injected into the flue gas in the furnace with the purpose of decreasing 

corrosion rate. 

3.2 Standard Chemical Analysis and Chemical Fractionation of the Fuel 

Standard chemical analysis of the solid waste was carried out by an authorized laboratory (ALS 

Scandinavia AB) to analyse the elemental composition of the fuel. Chemical fractionation was 

also performed for the fuel to determine the association of ash-forming elements. For chemical 

fractionation the fuel particles were milled to ensure an acceptable leaching by the solutions. 

Fuel particles which are too small may clog the filter and those with too large size may need 

excessive time to be leached properly. The suitable particle size to achieve reliable result is <5 

mm (Zevenhoven et al., 2012).  

As it mentioned earlier, three different solvents have been used to leach the solid fuel sample. 

Deionised water (H2O) at room temperature for 24 hrs, 1 M ammonium acetate (NH4Ac) at 

room temperature for 72 hrs, and 1 M hydrochloric acid (HCl) at 70 °C for 48 hrs, have been 

used as solvents. The solid fuel sample was washed by deionised water twice after each step of 

leaching and the leachate and washing water was collected for analysis. Solvent were prepared 

using deionised water and analytical-grade chemicals. As a result of chemical fractionation of 

the fuel three leachates and a solid residue were obtained. 

 

Figure 3-2 Chemical fractionation of the fuel, a) the milled soild waste, b) addition of water, c) vacuum filtration of 

the solution after leaching, d) water leachate solutions 

Figure 3-2 shows the prepared (milled) samples before and after leaching (a and b), vacuum 

filtration of the solution obtained from leaching (c) and the filtered leachates which were used 

for elemental analysis (d).  
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3.3 Analysis of the Solutions and Solid Residue 

The leachates from chemical fractionation process have been subsequently examined by MP-

AES to obtain the elemental analysis of them in order to determine percentages of solubility of 

ash-forming elements in every leachate. Furthermore, leachates and solid residue were also 

elementally analysed using ICP-AES (Inductively coupled plasma atomic emission 

spectroscopy) or ICP-SFMS (Inductively coupled plasma sector field mass spectroscopy) 

techniques by an authorized laboratory. 

Atomic spectrometry is appropriate method for analyzing trace concentrations of most 

elements. Atomic emission and absorption spectrometry are both used for analyzing verity of 

chemical elements and the analyses can be quantitative and qualitative. The principle of this 

method is absorption or emission of light of certain wavelengths after the atomization and 

excitation of the sample. Wavelength of the light give information about the element 

(qualitative) and the intensity before and after absorption is proportional to concentration of the 

sample (Ulrich, 2003). In Figure 3-3 (Agilent Technologies, 2016) the fundamental of MP-AES 

has been shown schematically.  

 

Figure 3-3 Schematic diagram of a microwave plasma atomic emission spectrometer (Agilent Technologies, 2016). 

The samples (leachates) have been diluted to 5 ppm concentration in order to be in range with 

reference solutions. The elements investigated by this method in this study are: K, Al, Cu, Pb 

and Zn and the result has been compared to the analysis form authorised lab. 

3.4 Factsage Modelling 

The results of the chemical analysis of the fuel, temperature, pressure, and air supply for waste 

combustion in the CFB boiler were used to model the chemistry of combustion using Factsage. 

The amount of air supply for the modelling of the combustion process has been adjusted in way 

that the excess oxygen in flue gas from modelling is equal to the measured amount of O2 in full 

scale combustion. The model considers the reactive fraction of ash-forming elements in the fuel 

to predict the chemical composition of the flue gas (gas phase products) and consequently the 

concentrations of gaseous alkali chlorides in the flue gas. The reactive fraction of the ash-

https://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
https://en.wikipedia.org/wiki/Inductively_coupled_plasma_atomic_emission_spectroscopy
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forming elements (based on the chemical fractionation) was assumed to reach the equilibrium 

state during the combustion.  

Fctsage thermochemical software has extensive thermodynamic databases for modelling of the 

ash chemistry. For this study FToxid, and FTsalt databases were used. FToxid contains an 

extensive database for solid and liquid silicates and oxides. FTsalt is the database which has 

been extensively updated recently and contains data of 221 pure salts and 79 salt solutions 

formed among various combinations of the 26 cations including Li, Na, K, Mg, Ca, NH4, Mn, 

Al, Fe (II), Fe (III), Co, Ni,  Zn, Pb, Cr, Mo and 8 anions F, Cl, Br, I, NO3, OH, CO3, SO4 (Bale 

et al., 2016). In general, the selected databases give a relatively reliable prediction of ash 

chemistry in the combustion system, considering the fact that they contain the data for most of 

the compounds they may form during waste combustion including alkali salt mixtures and 

silicate slags (Bale et al., 2009; Lindberg et al., 2013). The databases number 1 and 2 of 

databases in Table 3-1 has been used in the combustion model and databases number 2-5 has 

been used modelling the flue gas cooling step. 

 
Table 3-1 Factsage solution databases used for this study 

No. Database solution phase 

1 FTOxide 
SLAGA (molten oxide of K2O, Na2O, SiO2, CaO, MgO, P2O5 + 

dilute sulphides) 

2 FTSalt SALTF (molten salt, Na+, K+, Cl-, SO4
-, CO3

-, NO3
-, OH-) 

3 FTSalt 
FTsalt-ACL (AlkCl-ss_rocksalt  struct. Li, Na, K, Rb, Cs, NH4, 

(dilute Mg,Ca,Fe,Co, Mn,Ni)/Cl) 

4 FTSalt 
FTsalt-CSOB (Li,Na, K//SO4,CO3, low lithium content solid 

solution) 

5 FTSalt FTsalt-KNSO (K3Na(SO4)2 non-stoichiometric compound) 

 

 

 

 

Figure 3-4 Schematic view of the modelling approach 
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Based on the combustion condition a two-step model has been developed (schematic of the 

modelling procedure is shown in Figure 3-4); the first with the purpose to predict the 

combustion product in flue gas and the second to investigate the composition of the 

gases/condensate during the cooling the flue gas in the superheater area to predict the corrosion 

potential of it. 

Al and Fe have been considered non-reactive in this study (Table 4-2 and Table 4-3) due to the 

fact that Al is present as metal Al,  Al-salt or organically bound in waste-derived fuel and 

usually found in the acid soluble fraction. In FBC almost all Al form alumina (Al2O3) which 

does not participate in any corrosion associated reactions and phenomena (Zevenhoven et al., 

2012). Likewise, Fe present in waste-derived fuel end up in non-reactive compound such as 

FeO, Fe2O3, etc. (Zevenhoven et al., 2012), Fe shows the highest tendency to transfer to bottom 

ash compounds among other metallic elements in the fuel (Belevi and Moench, 2000). In 

general over 90% of metals such as Cr, Cu, Mn, Mo and Ni, and over 85% of Co ends up in the 

bottom ash (Belevi and Moench, 2000).  

3.5 Flue Gas Analysis  

The flue gas composition was investigated during the full-scale combustion tests using FTIR 

and IACM as in situ measurements tools. IACM probe which is illustrated in Figure 3-5 was 

inserted in the convection pass to measure the concentrations of NaCl, KCl and SO2 in the flue 

gas. A light from xenon lamp in probe is sent across the flue gas channel by optical units in the 

probe and the received light on the other side of channel. Thereafter, the spectrometer analyses 

the compounds by determining the wavelength absorbed by alkali chlorides in the flue gas. The 

wavelength used by IACM is in the range of 200-300 nm for analysis of NaCl, KCl and SO2 

and the sampling time is 5-10 s (Kassman et al., 2006). The FTIR probe also measures the 

amount of HCl and SO2 in the flue gas by extracting the sample through a heated probe from 

flue gas on-line (Kassman et al., 2006). The results obtained by the IACM and FTIR were used 

to validate the model and estimate the accuracy of the model for predicting the concentrations 

of alkali chlorides in the flue gas.  

 

Figure 3-5 IACM probe installed in boiler P15, Händelö Nörkoping CHP plant 
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4. Result and Discussion  

4.1 Chemical Analysis of the Fuel 

As mentioned in the experimental section, the standard chemical analysis and chemical 

fractionation were carried out for two solid waste samples (Sample A and B) and the results are 

given in Table 4-1.  

Table 4-1 Elemental Analysis Sample A and B 

Element Fuel Sample Unit Method 
 

A B   

Moisture 28.9 33.2 % raw  

Ash 21.7 28.1 %dm  

Ultimate Analysis     

C 48.1 43.0 %dm SS-EN 15407:2011 

H 6.3 5.8 %dm SS-EN 15407:2011 

O 21.8 20.0 %dm SS-EN 15407:2011 

Cl 0.92 1.65 %dm SS-EN 15408:2011 

N 0.8 0.93 %dm SS-EN 15407:2011 

S 0.390 0.534 %dm SS-EN 15408:2011 

Ash Forming Matter     

Al 8840 11300 mg/kg dm  

Ca 32500 38800 mg/kg dm  

Fe 6780 5520 mg/kg dm  

K 4360 4050 mg/kg dm  

Mg 3480 3680 mg/kg dm  

Na 5950 7550 mg/kg dm  

P 105 1310 mg/kg dm  

Ti 3800 2650 mg/kg dm  

Zn 1860 742 mg/kg dm  

Pb 105 230 mg/kg dm  

Si 27300 44000 mg/kg dm  

B 29.8 27.4 mg/kg dm  

Cd 1.05 8.58 mg/kg dm  

Co 4.48 5.46 mg/kg dm  

Cu 670 367 mg/kg dm  

Cr 279 135 mg/kg dm  

Hg 0.136 0.296 mg/kg dm  

Mo 4.6 4.09 mg/kg dm  

Ni 60.5 30.9 mg/kg dm  

Ti 0.0318 0.0326 mg/kg dm  

V 16.2 30.1 mg/kg dm  

As 21.8 11.6 mg/kg dm  

Sb 103 37 mg/kg dm  

Ba 573 700 mg/kg dm  

Mn 287 168 mg/kg dm  

% = weight percentage, dm  = dry matter, raw = as received  
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Interpreting the results of MSW chemical fractionation could be somehow complicated due to 

the fact that sampling of this fuel is challenging. Making a homogenous sample which is a true 

representative of the whole fuel is complicated because particles are large and the composition 

of the MSW can be very different over time. In order to compare the result of chemical 

fractionation and elemental analysis, mass balance of each element has been calculated and it 

is shown in the same graph (Figure 4-1 for sample A1, Figure 4-3 for sample A2, Figure 4-5 

for sample B1, Figure 4-7 for sample B2). The values are found mostly close to each other. In 

addition, in Figure 4-2, Figure 4-4, Figure 4-6, and Figure 4-8 the reactive fraction (%) of the 

ash forming elements are given for all samples based on the solubility of different ash-forming 

elements in three leachates. 

As mentioned earlier, the typical water soluble compounds are alkali sulphates, carbonates, and 

chlorides. Elements which are leached out by NH4Ac are the organically associated, such as 

Mg, Ca, K and Na. The water and acetate soluble compounds are considered to be reactive and 

their amount could have effect on boiler corrosion, agglomeration and deposition. As can be 

seen in Figure 4-2, Figure 4-4, Figure 4-6 and Figure 4-8, K, Na and S has the high water 

solubility and Mn, Ca and Zn has high acetate solubility.  There are also some exceptions such 

as Ca compounds which in some cases are not soluble in first two steps or has low solubility 

but  could be  reactive and should be considered in combustion reactions, for example calcium 

oxalate (Pettersson et al., 2008). In the last step of leaching (acid leaching) carbonates and 

sulphates of alkaline earth and other metals are dissolved. The acid soluble species are 

considered as less reactive in combustion. In this study P and Pb tend to appear mostly acid 

soluble. Silicates and other minerals remain in the insoluble residue. In case of MSW 

combustion Al, Fe and Mg are very common to be found in solid residue (Pettersson et al., 

2008). 

Investigating the chlorine species involve some difficulties as a result of HCl leaching in the 

last step of chemical fractionation. Therefore it is not possible to determine the Cl amount of 

acid leached solution and also solid residue. Municipal solid waste has the highest amount of 

chlorine concentration among other type of fuels such as coal, sewage sludge and biomass 

which is due to  presence of many types of plastic such as PVC (Lu, Ma and Gao, 2002; 

Davidsson et al., 2007). The chlorine in the plastics is not soluble in water and acetate but is 

reactive in combustion. Therefore the chemical fractionation result of chlorine should be 

considered differently when interpreting data obtained from this procedure (Pettersson et al., 

2008). In most combustion cases all the chlorine in waste-derived fuel released during the 

combustion as NaCl, KCl, ZnCl2, PbCl2 and gaseous HCl (Zevenhoven et al., 2012). 

One of the significant differences between MSW and other type of biofuels such as wood or 

straw is the higher amount of the Na compared to the K. Food packaging presence in MSW is 

source of table salt.. Therefore the dominant part of alkali metal in MSW in Na while in biomass 

fuels is K (Pettersson et al., 2008). 
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Figure 4-1 Chemical fractionation results of sample A1 (mg kg-1dry matter) 

 

 

 

Figure 4-2 Reactive fraction (H2O and NH4Ac soluble) of the ash-forming elements for the sample A1 
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Figure 4-3 Chemical fractionation result of sample A2 (mg kg-1dry matter) 

 

 

 

Figure 4-4 Reactive fraction (H2O and NH4Ac soluble) of the ash-forming elements for the sample A2 
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Figure 4-5 Chemical fractionation result of sample B1 (mg kg-1dry matter) 

 

 

 

Figure 4-6 Reactive fraction (H2O and NH4Ac soluble) of the ash-forming elements for the sample B1 
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Figure 4-7 Chemical fractionation result of sample B2 (mg kg-1dry matter) 

 

 

 

Figure 4-8 Reactive fraction (H2O and NH4Ac soluble) of the ash-forming elements for the sample B2 
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Based on the results for the sample A1 and A2, the average value of reactive fraction of the ash 

forming elements have been calculated for sample A as is presented in Table 4-2. As mentioned 

before the chlorine was assumed to be 100% reactive. For the elements Si, Ti, Fe, Al and Cu 

almost the total amount is insoluble in chemical fractionation which approves the non-volatile 

nature of these elements. However, according to the literature 5% of Si in solid waste could be 

released in combustion. The studies also indicate that 60% of Zn and Pb in solid waste could 

be released in combustion, which is taken into consideration (Bøjer et al., 2008; Pedersen et 

al., 2010). The fraction of sulphur which remains in solid residue is usually in covalent bond in 

organic fraction of waste and this covalent bond is difficult to break in chemical fractionation 

process. However, this fraction of sulphur participate in combustion reactions (Hupa, 2012; 

Zevenhoven et al., 2012), and therefore the sulphur has been considered as 100% reactive.  The 

same assumptions considered for sample B and the average value for the reactive fraction of 

the sample is given in Table 4-3. 

 

Table 4-2 Reactive fraction of the ash forming elements for sample A 

Element Reactive Fraction Element Reactive Fraction 

Cl 100 P 15 

S 100 Mg 15 

Zn 60 Si 5 

Pb 60 Ti 0 

Na 59 Mn 0 

K 58 Al 0 

Ca 48 Fe 0 

 

Table 4-3 Reactive fraction of the ash forming elements for sample B 

Element Reactive Fraction Element Reactive Fraction 

Cl 100 P 20 

S 100 Mg 18 

Zn 60 Si 5 

Pb 60 Ti 0 

Na 45 Mn 0 

K 63 Al 0 

Ca 48 Fe 0 
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4.2 MP-AES 

MP-AES analysis has been carried out for samples A and B, for each sample three leachates 

(H2O, NH4Ac and HCl) have been investigated twice. Figure 4-9 shows the wavelength of Cu 

in HCl solution for sample B as an example for atomic emission spectrum and Figure 4-10 

shows the concentration calculation of Cu for the same sample. 

 

Figure 4-9 Atomic emission spectrum of Cu, sample B 

 

Figure 4-10 Linear calibration, concentration calculation of element Cu, sample B 
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The result for sample A and B are given in Table 4-4 and Table 4-5 respectively. Result of this 

analysis has been compared to the result reported by ALS laboratory, most of the values agree 

in both two methods. 

Table 4-4 MP-AES result for sample A 

Element H20 NH4Ac HCl H20 NH4Ac HCl 

Zn 12.84 21.8** 14.0 12.53 21.2** 14.0 

Cu 0.84 1.2 41.5 0.78 1.10 41.0 

Pb 0.34 1.0** 3.83 0.31 0.93** 3.67 

Al 0.28 0.40 73.8 0.31 0.40 71 

K 55.81 8.0** 5.7 53.78 7.90** 5.33 

** does not agree with result reported by ALS laboratory 

 

 

Table 4-5 MP-AES result for sample B 

Element H20 NH4Ac HCl H20 NH4Ac HCl 

Zn 6.5 5.65* 15.07 6.25 5.59* 14.74 

Cu 0.25 0.6 12.23 0.12 0.59 12.06 

Pb 12.87 1.08 27.64 20.62 1.42 37.52 

Al 0.25* 0.32 139.53 0.25* 0.35 136.51 

K 74.12 5.02 6.53 73.37 5.01 6.36 

* Reported out of range by instrument- Not valid 

The result of this analyse together with result of authorised lab on leachate and solid residue 

for all samples has been used to calculate the reactive fraction of each element. 

4.3 Thermodynamic Equilibrium Modelling 

4.3.1 Combustion 

Combustion products of MSW have been studied to investigate the transformation of different 

elements during the combustion in different researches (Belevi and Moench, 2000; Arvelakis 

and Frandsen, 2005; Pedersen et al., 2010; Zevenhoven et al., 2012). Examining the amount of 

different element in flue gas and different ashes shows the behaviour of elements during 

combustion and the information can be used to determine the boiler operation conditions.  

Therefor in this study also thermodynamic equilibrium model (Figure 3-4) has been used to 

model the combustion behaviour of the solid waste and investigate the corrosion tendency of 

flue gas, considering the concentrations of alkali chlorides in it. Elemental composition of the 

fuels was taken from Table 4-1. The total amount of C, H, N and O were considered to be 

reactive and the reactive fraction of the ash forming elements (based on the data provided in 

Table 4-2 and Table 4-3) were used as input for the model. The amount of the combustion air 
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was adjusted based on the excess oxygen in the flue gas which was provided by the full-scale 

combustion measurements.  

Based on the recorded data in full-scale combustion measurements, the average temperature in 

the furnace is approximately 860°C. Therefore, for the second step of the modelling (cooling 

of flue gas) the composition of the flue gas at 860 °C combustion temperature was used as 

model input to investigate alkali chloride concentrations at lower flue gas temperatures prior to 

the superheater (Table 4-6). 

The output data of the thermodynamic equilibrium modelling is the amount of possible gas, 

liquid and solid compound and also solid and liquid solution phases. The model predicts 

equilibrium product with considering full-scale combustion condition such as temperature, 

pressure, excess oxygen and also the fuel chemical composition. The condensed phase in the 

products consist of pure solid, liquid as well as solution phase (liquid and solid), these products 

usually will be found in bottom or bed ash. Gas products will release to the furnace and also 

take a part in bed reactions. Temperature of combustion has an important role in concentration 

of these products. Output data for combustion modelling of waste without additive, with focus 

on the flue gas composition is shown in Figure 4-11 and Figure 4-12  (note the difference 

between vertical axis scales). 

As can be seen in Figure 4-11 and Figure 4-12  for gas products, with increasing combustion 

temperature, amount of KCl, SO2 and NaCl increase significantly, HCl, PbCl2, (NaCl)2 and 

(KCl)2 show downward trend and in case of ZnCl2 and PbCl the temperature has no 

considerable effect. 

 

Figure 4-11 Flue gas composition (HCl, NaCl, KCl, (NaCl)2 and (KCl)2) combustion of reference fuel (waste without 

additive) 
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Figure 4-12 Flue gas composition (SO2, ZnCl2, PbCl and PbCl2), combustion of reference fuel (waste without additive) 

As mentioned earlier the dominant chlorides-containing compound in flue gas are Na and K 

chlorides including NaCl, (NaCl)2, KCl, (KCl)2 and also HCl.  In case of MSW combustion, 

formation of heavy metals chlorides or sulphates also accelerate the corrosion. Approximately 

50% of Pb, Zn and Sn also end up in bottom ash during combustion (Belevi and Moench, 2000) 

but the rest participate in the reactions and may appear in flue gas. The flue gas composition in 

this study also has shown presence of these compounds (Figure 4-11 and Figure 4-12). 

Melting point of heavy metal compounds are relatively low (290 O C for ZnCl2, 501 O C for PbCl2 

and 680ᴼC for ZnSO4). These compounds may also go through chemical reactions with alkali 

compounds especially KCl or alkali metal sulphates which are present in large amount in MSW 

combustion products. This leads to molten phase formation with lower melting point in 

comparison with pure salts (for example ZnCl2/KCl has a melting point of 250ᴼC) which 

significantly accelerates the corrosion rate in the boiler (Krause, 1989; Arvelakis and Frandsen, 

2005). Hence the amount of ZnCl2, PbCl and PbCl2 also has been considered in this study in 

addition to Na and K chlorides.  

 

The thermodynamic equilibrium model developed in this study also shows that there are some 

Si-containing compounds present in flue gas in condensed phase (Table 4-6). As mentioned 

before Si usually presents as SiO2 or as various silicate compounds in waste derived fuel or 

biomass, these compounds are usually inert in FBC conditions and form high melting pint ashes. 

Most silicate ashes remain crystalline in FBC and do not cause any problem in boilers 

(Zevenhoven et al., 2012) but these compounds may have effect on other ash-forming elements 

behaviour. Thus, Na, K and Ca could go through secondary reaction with Si-containing 

compounds, thus Si could affect fly ash fouling and corrosion tendency indirectly (Zevenhoven 

et al., 2012).  

With assuming the average temperature of 860°C for combustion, the condensed phase 

composition which includes Ca, Si, Zn and Mg compounds as well as flue gas composition are 

given in Table 4-6. Result show that almost all Na and K is present in gas phase at 860°C and 

no condensed phase contains these elements. Alkali chlorides (NaCl and KCl) have the highest 
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concentration compared to other gasses in the flue gas (except for N2, O2, H2O and CO2). 

However, the concentration of HCl and (NaCl)2 is also noteworthy.  
 

Table 4-6  Flue gas and condensed phase composition at 860°C , combustion of waste without additive 

Gas Phase Condensed Phase 

Species 
Concentration 

(% vol) 
Species 

Concentration 

(ppm) 
Species Amount (g) 

N2 75.98 HCl 133 CaO(s)   0.90    

O2 8.54 NaCl 317 Ca3MgSi2O8(s)   0.50     

H2O 8.84 (NaCl)2 47 CaSO4(s)            0.13 

CO2 6.58 KCl 167 Ca2SiO4(s2)   7.04 × 10-2 

  (KCl)2 8 Ca5HO13P3(s)   7.56 × 10-2 

  ZnCl2 0.9 ZnO(s)   9.67 × 10-2 

  PbCl 0.008   

  PbCl2 0.6   

  SO2 0.006   

 

Combustion of waste with additive has also been modelled based on the chemical fractionation 

and elemental analysis of fuel samples together with the data provided by the full-scale 

combustion regarding utilization of additive. Ammonium sulphate aqueous solution has been 

sprayed to the furnace (300 l/h) aiming at sulphation of corrosive gaseous alkali chlorides and 

decreasing corrosion. The flue gas composition is given in Figure 4-13 and Figure 4-14 (note 

the difference of vertical axis scale).  

 

Figure 4-13 Flue gas composition (SO2, NaCl, KCl, ZnCl2 and HCl) combustion of fuel with additive 
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Figure 4-14 Flue gas composition ((NaCl)2, (KCl)2, PbCl and PbCl2), combustion of fuel with additive 

The flue gas composition will go through the same trend with increasing temperature of the 

combustion, for instance concentration of HCl and (NaCl)2 increase with increasing 

temperature, NaCl and PbCl2 show downward trend with increasing temperature and in case of 

other compounds temperature does not play any significant role. 

Moreover as can be seen the concentration of alkali chloride has been reduce in the flue gas, as 

a result of ammonium sulphate addition. Ammonium sulphate decomposes into NH3 and SO3 

in high temperature and alkali chlorides convert into less harmful sulphates based on the 

reactions 1, 2 and 3 where M is either K or Na (Broström et al., 2007; Aho et al., 2008). 

(𝑁𝐻4)2𝑆𝑂4 (𝑎𝑞) → 2𝑁𝐻3(𝑔) + 𝑆𝑂3(𝑔) + 𝐻2𝑂(𝑔) Reaction 1 

2𝑀𝐶𝑙(𝑔) + 𝑆𝑂3(𝑔) + 𝐻2𝑂(𝑔) → 𝑀2𝑆𝑂4(𝑠) + 2𝐻𝐶𝑙(𝑔) Reaction 2 

2𝑀𝐶𝑙 + 𝑆𝑂2 + 𝐻2𝑂 +  
1

2
 𝑂2 →  𝑀2𝑆𝑂4 + 𝐻𝐶𝑙  Reaction 3 

The same assumption of temperature average (Tavg = 860 °C) has been made for the combustion 

model of waste with additive and the flue gas composition as well as condensed phase 

composition (Table 4-7) was used as input for the flue gas cooling step to investigate alkali 

chloride concentration in flue gas for combustion of waste with additive.  
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Table 4-7 Flue gas composition and condensed phase at 860°C, for combustion of waste with additive 

Gas Phase Condensed Phase 

Species 
Concentration 

(% vol) 
Species 

Concentration 

(ppm) 
Species Amount (g) 

N2 66.73 HCl 501 CaO(s) 38.33 

O2 6.05 NaCl 81 Ca3MgSi2O8(s) 0.5 

H2O 15.60 (NaCl)2 3 ZnO(s) 9.5 × 10-2 

CO2 11.55 KCl 73 Ca2SO4 0.07 

  (KCl)2 1.5 CaSO4 2.14 

  ZnCl2 13   

  PbCl 0.003   

  PbCl2 0.8   

  SO2 2   

 

Comparing flue gas composition in two combustion cases shows significant differences in case 

of alkali chlorides and SO2 concentration. Concentration of NaCl was reduced from 205 ppm 

to 54 ppm (reduction by 70%) and the KCl concentration was reduced from 126 ppm to 52 ppm 

(reduction by 58%) in the flue gas at 860°C, (NaCl)2 also decrease form 53 ppm to 3.3 ppm 

when using ammonium sulphfate, see Tables 4-6 and 4-7. HCl concentration in combustion of 

reference fuel at 860°C was 160 ppm which increased to 501 ppm, and the concentration of 

SO2 increased from 0.004 to 2 ppm. Increasing concentration of these two compounds is due to 

the sulphasion of alkali chloride which has been shown in reaction 2 and 3 (Broström et al., 

2007; Aho et al., 2008). The HCl concentration increased as result of the chemical reaction 2, 

there is also an indication of  reduction of the KCl amount (Kassman, 2012). 

In addition, other research results show that adding ammonium sulphate to the combustion 

reduces the chlorine present in the deposits on the tubes which is very desirable to prohibit 

corrosion in the superheater sections (Kassman et al., 2011). 

The results of the combustion modelling show presence of ZnO as condensed phase for both 

combustion cases. Presence of ZnO in fly ash could be a probable risk of condensation of alkali 

chlorides and sulphates as well as heavy metal compounds. The ZnO particles act as a seed for 

condensation of these compounds on fly ash (Frandsen, 2004). The amount of condensed alkali 

compounds on the surface of fly ash increases as the temperature of the flue gas drops arriving 

to the superheater section. This increase the deposition of these compounds on the surface of 

the particles and result in increased corrosion rate (Arvelakis and Frandsen, 2005). There is no 

investigation about this phenomenon in this study but it could be a good future research question 

for this field. 
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4.3.2 Alkali Chloride Behaviour Prediction in flue Gas 

The thermodynamic equilibrium model has been used to study flue gas composition of the solid 

waste combustion in CFBC. In order to evaluate the corrosion tendency of flue gas, 

concentration of the alkali chlorides were monitored in the flue gas using in-situ alkali chloride 

monitoring (IACM) technique. The flue gas cooling has been modelled to investigate alkali 

chloride concentration in flue gas path to superheater section. For this purpose, composition of 

flue gas obtained from the first part of the modelling (Table 4-6 and Table 4-7) has been used 

as input data to the cooling step of the model. For interpreting the obtained data it should be 

considered that the data below 700°C could be non-reliable in thermodynamic equilibrium 

models due to the fact that for lower temperatures the kinetic effect on chemical reaction cannot 

be neglected. For this reason the modelling of the cooling of the flue gas has been done in the 

temperature range between 900 and 675°C, and it has been done just for alkali chloride 

concentration (NaCl and KCl) since they are the dominant corrosive compounds. 

As can be seen in Figure 4-15 with decreasing temperature alkali chloride concentration reduces 

rapidly. The melting point of NaCl is 801ᴼC and for KCl 770ᴼC, as can be seen in Figure 4-15, 

there is a change in slope of the curve around the temperature of 780ᴼC which indicates the 

start of the condensation process. Condensation of alkali chloride on fly ash during the cooling 

process of flue gas is quite harmful in term of corrosion as it will appear in deposition on the 

surfaces (Van Caneghem et al., 2012). Concentration of NaCl and KCl in vapour phase 

decreases significantly below 725ᴼC based on the model prediction which is in agreement with 

data reported by Otsuka, 2002.  

 

Figure 4-15 Alkali chloride concentration in the flue gas cooled down from 900-675 °C for combustion of reference 

fuel (waste without additive) 
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Figure 4-16 Alkali chloride concentration in the flue gas cooled down from 900-675 °C for combustion of waste with 

additive 

The alkali chlorides in the flue gas at combustion temperature are a mixture of different salts 

mainly NaCl and KCl in solution phase, this compounds could start condensation as a single 

salt compound or mixture of alkali salts. To investigate if the condensation of alkali chlorides 

in the cooling step is as a single salt or mixture of salts, the modelling has been done once again 

excluding the solution phase database (FTSalt and solution phases).  

Results (Table 4-8) shows that the concentration of alkali chlorides in this model (excluding 

solution phase database) is higher than the main model for both combustion scenarios. With 

comparing the result with full-scale combustion data, it is clear that when the solution phase 

databases have been taken into account the results are more in agreement. This means that some 

amount of alkali chlorides is in the solution phase in the flue gas and will deposits as mixture 

of alkali salts on superheater tubes.  

Table 4-8 Alkali chloride concentration predicted by the model at 750 °C, including solution phase and excluding 

solution phase 

 Combustion of reference fuel Combustion of fuel with additive 

Concentration 

(ppm) in 750°C 

Including  

solution phase 

in model 

Excluding 

solution phase 

in model 

Including  

solution phase 

in model 

Excluding 

solution phase 

in model 

NaCl 84 108 57 58 

KCl 68 125 60 62 

 

4.3.3 Full-Scale measurements of the flue gas 

An IACM probe was installed in the full-scale CFBC which measures that the NaCl and KCl 

concentration in flue gas, temperature of flue gas where it meets the probe has been reported 

750ᴼC. Therefore, the concentration of NaCl and KCl obtained by the model at 750 °C has been 
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used to compare the results, as shown in Table 4-9. The intention was to compare the data 

obtained from model and collected data form the IACM probe to evaluate the model. Figure 

4-17 shows flue gas analysis for combustion of reference fuel and Figure 4-18 shows the flue 

gas analysis for fuel + additive combustion case reported by IACM in full-scale combustion.  

 

Figure 4-17 IACM measurments of flue gas composition , combustion of fuel without additive 

 

Figure 4-18 IACM measurments of flue gas composition, combustion of fuel + additive 
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Concentration of NaCl and KCl for combustion of reference fuel and fuel + additive has been 

compared in Table 4-9  to investigate the result of utilizing additive (ammonium sulphate) in 

combustion and compare the result of the model with In-situ combustion measurements.  

Table 4-9 Alkali chloride concentration predicted by model and measured by IACM 

 NaCl KCl 

 
IACM 

(ppm) 

Factsage Model 

(ppm) 
IACM (ppm) 

Factsage Model 

(ppm) 

Combustion of 

reference case 

 

60-100 84 70-110 68 

Combustion with 

Ammonium sulphate 
40-80 57 40-70 60 

 

Both in-situ measurements and thermodynamic modelling has shown presence of alkali 

chloride in the flue gas which is considered to be the major source of corrosion in boilers. For 

this reason the plant has used an additive to investigate the effect of it on preventing corrosion. 

Adding soluble ammonium sulphate has shown to be an effective method to reduce the alkali 

chloride in boilers by sulphation. The alkali reacts with sulphur and the chlorine follows the gas 

stream as HCl. the ammonium sulphate solution could be easily sprayed in boiler and water 

evaporation form small droplets lead to producing huge number of Nano-sized particles and 

formation of an uniform zone of SO3 against alkali chlorides (Aho et al., 2008). Comparing the 

two data series reported by IACM from the full-scale combustion tests in this study also show 

that the concentration of alkali chlorides in the flue gas were reduced when injecting ammonium 

sulphate into the boiler. It has been shown that if the portion of alkali chloride present in the 

flue gas is captured before reaching the superheater section, the corrosion can be prevented or 

at least the rate of it could be limited (Aho et al., 2008). This could be the result of decreased 

chlorine content in the deposits which is most likely a consequence of the alkali chloride 

concentration in flue gases and it eventually lead to lower corrosion rate in boilers (Broström 

et al., 2007).  

As mentioned before thermodynamic equilibrium modelling should be used with consideration 

of different factors such as kinetics of reactions, residence time of the fuel in the combustion 

zone and heterogeneous or homogenous nature of fuel. If all factors has been taken into account 

then a reliable model could be developed and be used to predict the combustion behaviour of 

different fuels (Moradian, Pettersson and Richards, 2015). In this study with considering all 

above and combining theoretical data with experimental data in modelling, the modelling result 

shows a very good agreement with the in-situ measurements done with IACM in the plant both 

for the NaCl and KCl concentrations.  
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5. Conclusions 

Thermodynamic equilibrium modelling combined with advanced chemical analysis has been 

used to predict the flue gas composition of fluidized bed combustion of solid waste. The fuel 

was a mixture of municipal solid waste and industrial waste. Two combustion scenarios was 

investigated at the plant: combustion of reference fuel and combustion of fuel with ammonium 

sulphate as additive to monitor the effect of using additive to decrease the corrosion. To 

investigate the results in-situ measurements (IACM) has been carried out to determine the flue 

gas composition (focused on alkali chloride compounds) in full-scale combustion. Comparing 

the modeling results obtained from the developed predictive model with the IACM data have 

shown that the thermodynamic equilibrium modelling combined with chemical fractionation 

technique is a reliable method to assess the concentrations of alkali chlorides in waste-to-energy 

boilers. Combined thermodynamic equilibrium calculation and advanced fuel analysis 

approach which considers the temperature profile of fluidized bed boilers has establish a 

reasonable correlation between theoretical and experimental data. Comparing the data obtained 

by developed models shows good agreement with IACM data for alkali chloride concentration 

(NaCl and KCl) in combustion of MSW in fluidized bed boilers. It can be concluded that the 

method used in this study could be a reliable approach to model combustion of any fuel. 

Furthermore both modeling results and IACM data showed that utilizing ammonium sulfate as 

an additive in combustion of waste in fluidized-bed boiler is an effective method to decrease 

the concentration of alkali chlorides (NaCl and KCl) in the flue gas. Concentration of alkali 

chlorides in flue gas has been reduced by 70% for NaCl and 58% for KCl when using additive. 

It can be predicted that the corrosion in the boiler will also decrease by using ammonium 

sulphate in combustion since the dominant corrosion in combustion of MSW is caused by alkali 

chlorides (NaCl and KCl). 
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